Abstract Human trisomy 21, the chromosomal basis of Down syndrome (DS), is the most common genetic cause of heart defects. Regions on human chromosome 21 (Hsa21) are syntenically conserved with three regions located on mouse chromosome 10 (Mmu10), Mmu16 and Mmu17. In this study, we have analyzed the impact of duplications of each syntenic region on cardiovascular development in mice and have found that only the duplication on Mmu16, i.e., Dp (16)1Yey, is associated with heart defects. Furthermore, we generated two novel mouse models carrying a 5.43-Mb duplication and a reciprocal deletion between Tiam1 and Kcnj6 using chromosome engineering, Dp(16Tiam1-Kcnj6)Yey/+ and Df(16Tiam1-Kcnj6)Yey/+, respectively, within the 22.9-Mb syntenic region on Mmu16. We found that Dp(16Tiam1-Kcnj6)Yey/+, but not Dp(16)1Yey/Df(16Tiam1-Kcnj6)Yey, resulted in heart C. Liu, M. Morishima and T. Yu contributed equally to this work.
defects, indicating that triplication of the Tiam1-Knj6
Introduction
Congenital heart disease is a serious public health challenge. The survival rate of patients with heart defects has increased drastically with improved medical care (Bedard et al. 2008; Marelli et al. 2009; Pillutla et al. 2009; Williams et al. 2006 ). Nevertheless, their life expectancy only reaches »50 years of age (Daliento et al. 2002; Pillutla et al. 2009; Verheugt et al. 2010) . A major investigative eVort on congenital heart defects is to understand the molecular genetic mechanisms underlying abnormal cardiovascular development, which may lead to a paradigm shift for developing novel therapies for patients with congenital heart disease.
DS is the most common genetic cause of heart defects, which are detected in 40-60% of children with DS (Abbag 2006; Chaoui et al. 2005; Goodship et al. 1998; Roizen and Patterson 2003; Roofthooft et al. 2008; Rowe and Uchida 1961; Torfs and Christianson 1998) . Experimental evidence supports the hypothesis that some DS phenotypes are caused by the triplication of speciWc genes on Hsa21 (Epstein 1990) . To identify genomic regions that contain the critical genes associated with DS phenotypes, several groups have examined human segmental trisomies. In these studies, data generated from patients segmentally trisomic for Hsa21 were used to map genomic regions associated with DS phenotypes, including heart defects. Unfortunately, some patients carried additional chromosomal anomalies (Korbel et al. 2009; Korenberg et al. 1994; Lyle et al. 2009; Sinet et al. 1994) , which complicates interpretation of the genotype-phenotype correlations. Because of these diYculties, mice have been used in genetic studies of DS because the regions on Hsa21 are syntenically conserved with three regions in the mouse genome located on Mmu10, Mmu16 and Mmu17 (Fig. 1) . One group of models consists of mosaic mouse mutants carrying Hsa21 or a fragment of it (O'Doherty et al. 2005; Shinohara et al. 2001) . The Tc1 mouse model, which carries Hsa21 with only two small deletions in which approximately 8% of Hsa21 genes are deleted, exhibits heart defects (Dunlevy et al. 2010; O'Doherty et al. 2005) . The other group of models carries three exact copies of mouse syntenic regions of Hsa21 in various sizes. Ts65Dn, the most widely used model (Davisson et al. 1990; Reeves et al. 1995) , is trisomic for 13.4 Mb of the 22.9 Mb Hsa21 syntenic region on Mmu16 ( Fig. 1) (Akeson et al. 2001; Kahlem et al. 2004) and exhibits some major DS phenotypes, including heart defects (Moore 2006; Williams et al. 2008) . However, Ts65Dn is also trisomic for a larger than 5.8 Mb subcentromeric region on Mmu17, which is not syntenic to any region on Hsa21 and may contribute to the cardiovascular phenotype (Li et al. 2007 ). To better mimic DS using mouse segmental trisomies, we have recently developed new mouse models, Dp(10)1Yey/+, Dp(16)1Yey/+ and Dp(17) 1Yey/+, carrying individual duplications spanning the entire Hsa21 syntenic regions on Mmu10, Mmu16 and Mmu17, respectively ( Fig. 1) (Li et al. 2007; Yu et al. 2010) . We have showed that both Dp(16)1Yey/+ and Dp(10)1Yey/+; Dp(16)1Yey/+; Dp(17) 1Yey/+ genotypes led to heart defects with a similar frequency (Li et al. 2007; Yu et al. 2010 ).
In the current project, we are focused on identifying a minimal critical genomic region for DS-associated heart defects. We examined the impact of Dp(10)1Yey/+ and Dp(17)1Yey/+ on heart development and after we found that Mmu16 is the only mouse chromosome associated with heart defects in DS, we generated and analyzed Dp(16Tiam1-Kcnj6) Yey embryos. After we observed heart defects in Dp(16Tiam1-Kcnj6)Yey/+ embryos, we performed expression analysis on the mutant embryos and identiWed the genes with elevated expression in the duplicated region. 
Materials and methods

Generation of mouse mutants carrying
We generated Dp(16Tiam1-Kcnj6) Yey ES cells using Cre/loxP-mediated chromosome engineering (Yu and Bradley 2001) . MICER vectors (Adams et al. 2004) were used as the targeting vectors (pTVTiam1 and pTVKcnj6) for inserting loxP to the endpoint 1 (EP1) and EP2, which are 403-kb proximal and 155-kb distal to the coding regions of Tiam1 and Kcnj6, respectively, in AB2.2 ES cells ). pTVTiam1 and pTVKcnj6 were linearized with restriction enzymes EcoNI and BaeI at the mouse genome homologous regions in the vectors, respectively, before electroporations. Eight double-targeted ES cell clones were isolated. A Cre-expression vector, pOG231 (O'Gorman et al. 1997) , was transfected into double-targeted ES cells to induce recombination between targeted loxP sites, which led to duplication and reciprocal deletion. The duplication was designated as Dp(16Tiam1-Kcnj6)Yey, abbreviated as Dp (16) (Bradley 1987; Bradley et al. 1998; Ramirez-Solis et al. 1993 .
Fluorescent in situ hybridization
FISH analysis was performed, as described previously (Yu et al. 2006) . The metaphase chromosome spreads and interphase nuclei of ES cells were prepared, as described previously (Robertson 1987) . To detect the chromosomal deletion and duplication between Tiam1 and Kcnj6, BAC clone RP23-280L21 was labeled with digoxigenin and detected with anti-digoxigenin-rhodamine antibody. BAC clone RP23-81D13 was used to identify Mmu16 and labeled with biotin and detected with Xuorescin isothiocyanate-avidin (Fig. 2c, d ). Chromosomes were counterstained with DAPI (4Ј,6Ј-diamidino-2-2phenylindole) (Fig. 2d ).
Mice
The mutant mice and their wild-type littermates were maintained at a temperature-and humidity-controlled animal facility. The experimental procedures were approved by the Institutional Animal Care and Use Committee.
RNA extraction
RNA was extracted from the pharyngeal arch region and heart of E10.5 embryos using PureLink RNA Micro kit (Invitrogen Corp., Carlsbad, CA) as per the manufacturer's instructions. The boundaries of the pharyngeal arch region were deWned as previously described (Prescott et al. 2005 ). Prior to the RNA extraction, the embryos were genotyped using yolk sac DNA. After the elution step, RNA samples were concentrated by precipitation and resuspended in DEPC-treated nuclease-free water. The quality of the RNA samples was assessed by a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
Real-time quantitative reverse transcriptase PCR
Real-time quantitative PCR was used to analyze RNA levels of the selected genes. Gapdh is located on Mmu6 and served as a reference gene of the disomic state for all the mice examined. Total RNAs were isolated from the pharyngeal arch regions and hearts of E10.5 embryos, as described above. 1 g of RNA from each embryo was used to generate cDNA using Superscript version III reverse transcriptase (Invitrogen Corp., Carlsbad, CA). The speciWc primers and probes for the genes were obtained from the TagMan ® Gene Expression Assays System of Applied Biosystems, Inc. A 0.5 g of cDNA from each embryo was analyzed by ABI 7900HT Real-Time Thermocycler (Applied Biosystems, Foster City, CA) with the following ampliWcation conditions: an initial activation and denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and primer annealing and extension at 60°C for 1 min.
RNA labeling and microarray hybridization
To perform genome-wide expression proWling, Illumina MouseRef-8 v2 BeadChips (Illumina, Inc., San Diego, CA) were utilized. Total RNA isolated from the pharyngeal arch region and heart in the E10.5 Dp(16)2Yey/+ and wild-type embryos (250 ng for each embryo) was converted to cDNA, followed by an in vitro transcription step to generate labeled cRNA using the Ambion Illumina TotalPrep RNA AmpliWcation Kit (Ambion, Austin, TX). The labeled probes were mixed with hybridization reagents and hybridized overnight to the BeadChips. After washing and staining, the BeadChips were imaged using the Illumina BeadArray Reader to measure the Xuorescence intensity of the probes.
Microarray data analysis
Illumina BeadScan software was used to scan and extract the intensity of Illumina MouseRef-8 v2 gene expression array, and the data were corrected by background subtraction using the GenomeStudio module. The expression intensity was transformed into log2 scale by the lumi module in the R-based Bioconductor Package, which was then normalized using the quantile normalization algorithm. The quantile normalized data sets were used for the subsequent analysis. We used a fold-change Wlter (1.3-fold increase or decrease in the test group in relation to the wild-type control) in combination with two other conditions: i.e., the genes in the group with higher expression with a detection P value (over the background) not more than 5% and group average signal not less than 55 in the group. With the quantile normalized gene data sets for individual samples, we also tested the use of other statistical methods for identifying diVerentially expressed genes, including the Student's t test and signiWcant analysis of microarray (SAM), and obtained a shorter list of genes that overlap with the Wrst list. However, since these shorter lists of genes fail to generate any statistically signiWcant over-representation of the gene ontology terms, we decided to stay with the fold-change list for the rest of the analysis. Hierarchical clustering (HCL) and heat maps were generated using MeV (http://www.tm4.org/mev/) (Saeed et al. 2006) . For the heat map of gene expression, 
Results
Development of mouse models carrying Dp(16)2Yey
or Df(16)2Yey using chromosome engineering
To facilitate genetic analysis of DS-associated phenotypes, we generated a 5.43-Mb duplication and the reciprocal deletion between Tiam1 and Kcnj6 within the Hsa21 syntenic region on Mmu16 for three reasons: First, this region contains a suYcient number of genes, and the functions of many of these genes are unknown. Second, the duplicated gene at the proximal endpoint would contain Tiam1, which aVects the functions of endothelial cells (Birukova et al. 2007a, b; Singleton et al. 2005) . Third, the duplicated gene in the distal endpoint would be Kcnj6, which has been implicated in aVecting heart rate (Lignon et al. 2008 ). We generated these models using Cre/loxP-mediated genomic engineering (Yu and Bradley 2001) . MICER vectors (Adams et al. 2004 ) were used as pTVTiam1 and pTVKcnj6 for targeting loxP to the regions 403-kb proximal and 155-kb distal to the coding regions of Tiam1 and Kcnj6, respectively, in AB2.2 ES cells ( Fig. 2a) . A duplication and the reciprocal deletion were induced in ES cells by a transfection with a Cre-expression vector as described Ramirez-Solis et al. 1995) and were conWrmed by Southern blot analysis ( Fig. 2b) and Xuorescent in situ hybridization (FISH) (Fig. 2c-e) . We used these ES cell clones to generate chimeras. The germ-line transmission of the duplication after crossing C57BL6J and 129Sv females with chimeric males was conWrmed by Southern blot strategy, as shown in Fig. 2b . However, we could not obtain any Df(16)2Yey/+ mice from these crosses. One possibility is that the genotype of Df (16) (Chang et al. 2001; Joosten et al. 1997 ).
Establishment of the smallest critical genomic region for DS-associated heart defects by genetic dissection in mice
In the process of genetic analysis of DS-associated heart defects, we Wrst examined the cardiovascular phenotypes of embryos carrying Dp(10)1Yey/+ (n = 24) or Dp(17)1Yey/+ (n = 23) at E18.5 and found no heart defects. These results indicate that the Hsa21 syntenic regions on Mmu10 and Mmu17 do not signiWcantly contribute to heart defects and that the causative gene(s) is therefore located only on Mmu16. Examination of Dp(16)2Yey/+ embryos at E18.5 showed that these embryos exhibit heart defects similar to Dp(16)1Yey/+ and Dp(10)1Yey/+; Dp(16)1Yey/+; Dp(17)1 Yey/+ embryos with a similar frequency in either the 129 Sv background or after crossing to C57BL6/J mice ( Fig. 3 ; Table 1 ) (Li et al. 2007 ). We then generated Dp (16) (16)2Yey ES cells. The analysis of this compound mutant at E18.5 found no heart defects (n = 24), indicating that the presence of three copies of the Tiam1-Kcnj6 region is necessary and suYcient to cause DS-associated heart defects in mice. Therefore, the causative gene(s) for this phenotype is located in the Tiam1-Kcnj6 region.
We also analyzed Ts1Rhr embryos at E18.5 (n = 28), which is trisomic for the 4.12-Mb Cbr1-Fam3b region on Mmu16 (Fig. 1) (Olson et al. 2004) , and found no heart defects, suggesting the duplication of the Cbr1-Fam3b region alone is not suYcient to cause DS-associated heart defects. A similar result was recently reported (Dunlevy et al. 2010 ).
Analysis of gene expression of Dp(16)2Yey/+ embryos
To examine the impact of Dp (16)2Yey on gene expression, we performed microarray-based genome-wide transcriptional proWling using RNA isolated from the pharyngeal arch region and the heart in E10.5 Dp(16)2Yey/+ and wildtype embryos as the templates. This included the analysis of the expression of genes located within the Tiam1-Kcnj6 region and genes located immediately external to this region. To examine the impact of Dp(16)2Yey on genomewide expression patterns, we performed unsupervised clustering of the samples based on the expression proWle of 5812 genes expressed at above-threshold levels. However, we were unable to obtain a separation of the seven arrays based on the genotypes. Only when the genes on Mmu16 or all the genes showing altered expression in Dp(16)1Yey/+ embryos were selected for analysis could the two genotypes be separated into two groups (Fig. 4) . These results indicate that the Dp(16)2Yey does not lead to global alterations of the transcriptome but to alterations of expression for a deWned set of genes. Based on the criteria described in "Materials and methods", a total of 154 genes showed altered expression in Dp(16)1Yey/+ embryos. These genes can be divided into groups showing increased expression (89 genes) or decreased expression (65 genes) in Dp(16)2Yey/+ embryos (Supplemental Tables 1, 2) . We also observed increased expression for 17 genes located in the Tiam1-Kcnj6 region (Fig. 4 ; Supplemental Table 1 ). However, for the genes located immediately proximal and distal to the duplicated region, no changes in expression levels were detected in the Dp(16)2Yey/+ embryos (Supplemental Table 3 ), suggesting that Dp(16)2Yey apparently did not alter the expression of neighboring genes surrounding the duplication in cis or in trans. We also performed realtime RT-PCR analysis for eight genes located within the Tiam1-Kcnj6 region using the same RNA samples. For the Wve genes present in the microarray, the RT-PCR data conWrm the microarray result (Table 2; Supplemental  Table 1 ). For Hunk, Synj1 and Urb1, which are not present in the microarray, the RT-PCR data show signiWcant increases in the expression levels in Dp(16)2Yey/+ embryos, reXecting the consequences of the gene dosage alterations ( Table 2 ). The analysis of microarray expression data using DAVID (http:// david.abcc.nifcrf.gov/ home.jsp) with Benjamini adjustment for multiple testing AV defect 1
Valve defect 1 DORV 1 Fig. 3 Cardiovascular abnormalities observed in Dp(16)2Yey/+ embryos at E18.5. a A dorsal view of the great arteries of a mutant embryo shows that the right subclavian artery aberrantly connects to the descending aorta to form a vascular ring around the trachea and the esophagus. b A ventral view of the heart and lung of a mutant embryo shows transposition of the great arteries, in which the anterior positioned aorta and the posterior pulmonary artery arise from the right and left ventricles, respectively. c A superior view of the ventricles of a mutant after the atria were removed. The orientation of the great arteries is normal but the aorta has a bicuspid aortic valve. d A ventral view of the atria of a mutant after the ventricles were removed shows atrial septal defect, with the arrowheads indicating the foramen of the defect. e A superior view of the ventricles of a mutant after the atria were removed. The mutant ventricles show a common AV valve; a bar with double arrowheads indicates AV oriWce. 
Discussion
The Hsa21 syntenic regions in the mouse genome are »26.30 Mb in size and contain »175 orthologous genes ( Fig. 1) (Yu et al. 2010) . The results from this study suggest that we can reduce the critical genomic region for DS-associated heart defects to 5.43 Mb with 52 candidate genes ( Fig. 1 ; Supplemental Table 3 ). Based on this and other studies, the duplication between Cbr1 and Fam3b on Mmu16 in the Ts1Rhr model did not lead to heart defects (Dunlevy et al. 2010) . Since there is a 1.61-Mb overlapping duplicated region between Dp(16)2Yey and Ts1Rhr carrying 14 orthologous genes ( Fig. 1 ; Supplemental Table 3) , two possibilities exist for the locations of the causative gene(s) for heart defects. First, the causative gene(s) may be located within the Tiam1-Cbr1 region (Fig. 1) . Second, a causative gene(s) may be located in the Tiam1-Cbr1 region and another causative gene(s) may be located in the Cbr1-Kcnj6 region (Fig. 1) . In the latter scenario, the heart defects are the consequence of the combined eVect of simultaneous triplications of the causative genes in both regions, and triplications of the causative gene(s) in either region alone are not suYcient to cause heart defects. These possibilities could be examined by generating and analyzing mouse mutants carrying a duplication and the reciprocal deletion between Tiam1 and Cbr1. If the causative gene(s) is located in the Tiam1-Cbr1 region, Dp(16Tiam1-Cbr1)/+, but not Dp(16)1Yey/Df(16Tiam1-Cbr1), should result in heart defects. If the causative genes are located in both the Tiam1-Cbr1 and Cbr1-Kcnj6 regions and the simultaneous duplications of these genes are required to cause heart defects, neither Dp(16Taim1-Cbr1)/+ nor Dp(16)1Yey/Df(16Tiam1-Cbr1) should result in heart defects. This combination of strategies using both duplications and deletions for examining diVerent possibilities can also be employed to dissect the Tiam1-Cbr1 and Cbr1-Kcnj6 regions to further narrow down the critical genomic regions. Analysis of expression proWles has been utilized in DS research to explore the relationship between over-expression of individual trisomic genes and phenotypes (Kahlem et al. 2004; Lyle et al. 2004) . Our results showed that the heart defects in Dp(16)2Yey/+ embryos are correlated with over-expression of 20 genes within the Tiam1-Kcnj6 region and, therefore, these genes should be analyzed Wrst among Fig. 4 A heat Table 3 ). Among them, Rcan1 and Dyrk1a have been proposed as the causative genes for DS-associated heart defects based on a transgenic study in which a -actin promoter was used as a regulatory element of the transgenes (Arron et al. 2006) . However, because the regulatory element of these transgenes is not derived from the endogenous loci, their expression levels as well as spatial and temporal expression patterns may be diVerent from those of the endogenous genes. Heart defects have been observed in Tc1 mice in which the human RCAN1 gene was deleted in the transchromosome (Dunlevy et al. 2010) , suggesting three copies of the RCAN1 ortholog are not required to cause heart defects.
In addition to causing abnormalities in the cardiovascular system, trisomy 21 also causes abnormalities in almost all other organ systems (Roizen and Patterson 2003) . Trisomy 21 is the most common genetic cause of intellectual disability from childhood to young adulthood and a leading genetic cause of gastrointestinal anomalies, childhood leukemia and early-onset Alzheimer-type neurodegeneration systems (Roizen and Patterson 2003) . To perform genetic analysis of a speciWc DS phenotype, mouse models carrying deWned duplications or deletions in diVerent Hsa21 syntenic regions are required. Unfortunately, this type of model is currently available only for very few segments of the syntenic regions (Fig. 1) . Therefore, the new mouse models developed from this study will undoubtedly become essential tools for genomic dissection of other phenotypes of DS, particularly for understanding the contribution of the Tiam1-Kcnj6 region to those phenotypes.
Our current genetic dissection project has led to the establishment of the smallest genomic region for DS-associated heart defects. This result should set the stage for future eVorts to characterize the Tiam1-Kcnj6 genomic region in order to identify the critical gene(s) associated with this phenotype. The establishment of the causative gene(s) should unravel the entry points to the mechanistic details leading to congenital cardiovascular malformations in DS and may yield rare insights on cardiac development, which, in turn, may result in novel strategies for the prevention, diagnosis and treatment of congenital heart disease in children and adults regardless of their states of ploidy.
